The yeast Sch9 kinase has been implicated in the cellular adjustment to nutrient availability and in the regulation of aging. Here, we define a novel role for Sch9 in the transcriptional activation of osmostress inducible genes. Loss-of-function mutants sch9 are sensitive to hyperosmotic stress and show an impaired transcriptional response upon osmotic shock of several defense genes. We show that Sch9 is required for gene expression regulated by Sko1, a transcription factor, which is directly targeted by the Hog1 MAP kinase. Sch9 interacts in vitro with both Sko1 and Hog1. Additionally, Sch9 phosphorylates Sko1 in vitro. When artificially tethered to promoter DNA, Sch9 strongly activates transcription independently of osmotic stress. Using in vivo chromatin immunoprecipitation, we demonstrate that Sch9 is recruited to the GRE2 and CTT1 genes exclusively under osmostress conditions, and that this recruitment is dependent on Hog1 and Sko1. Furthermore, Sch9 is required for the proper recruitment of Hog1 at the same genes. Our data reveal the complexity of stress-induced transcription by the regulated association of signaling kinases to chromatin.
Introduction
All eukaryotic cells respond to environmental stresses by the activation of complex transcriptional programs, which affect the expression of many genes involved in the cellular adjustment to the adverse conditions. A great variety of stresses are sensed by specific signal transduction pathways, which very often culminate in the modulation of protein kinase activities. In yeast cells, several highly conserved signaling pathways regulate transcription via protein kinases like mitogen-activated protein (MAP) kinase (MAPK) (Gustin et al, 1998) , protein kinase A (PKA) (Thevelein and de Winde, 1999) , Snf1 (Carlson, 1999) , TOR (Martin and Hall, 2005) and others, in response to nutrient, osmotic, oxidative and other stresses. Studies in the yeast model have revealed that signaling kinases involved in the stimulation of gene expression upon stress have very complex functions that go far beyond the simple modulation of specific transcription factor activities and involve the stable association of the active kinase with the chromatin of the regulated gene Mahadevan, 2004, 2006; Chow and Davis, 2006) . This much more direct function in transcriptional regulation is a general feature, as it has been reported for a variety of structurally unrelated protein kinases directly controlling gene activity such as MAPKs, PKA, Snf1 or Tor1 (Alepuz et al, 2001; Proft and Struhl, 2002; Lo et al, 2005; Li et al, 2006; Pokholok et al, 2006; Proft et al, 2006) . The association of the signaling kinases with their target genes in the chromosome in vivo has opened up the possibility to identify stress genes regulated by a particular kinase by chromatin immunoprecipitation (ChIP) (Pascual-Ahuir et al, 2006; Pokholok et al, 2006; Proft et al, 2006) .
In Saccharomyces cerevisiae, hyperosmotic stress rapidly activates the MAPK Hog1, which orchestrates cellular adaptations at the level of gene expression, ion homeostasis, translation and cell cycle progression (DeNadal et al, 2002) . Although Hog1 is the key regulator of the yeast osmostress response, other signaling pathways also contribute to the osmostress resistance (Hohmann, 2002) . The impact of hyperosmolarity on gene expression is considerable and involves the upregulation of a large number of stressresponsive genes, as revealed by genomic profiling (Posas et al, 2000; Rep et al, 2000) . Upon activation, Hog1 rapidly associates with the chromatin of osmostress-responsive genes (Alepuz et al, 2001; Proft and Struhl, 2002; Pokholok et al, 2006; Proft et al, 2006) via the direct recruitment of the MAPK by various specific transcription factors, like the Sko1 repressor/activator and the Hot1 and Smp1 activators (Alepuz et al, 2001 (Alepuz et al, , 2003 Proft et al, 2001; DeNadal et al, 2003) . Once tethered to the chromatin of inducible genes, activated Hog1 MAPK can stimulate transcription by surprisingly complex mechanisms. Hog1 can recruit chromatin modifying complexes in an indirect or direct manner (Proft and Struhl, 2002; DeNadal et al, 2004) . Apart from chromatin modifications that favor transcriptional initiation upon stress, Hog1 seems to directly recruit the RNA polymerase II machinery to Hot1-dependent genes (Alepuz et al, 2003) . Finally, the MAPK is a structural portion of the RNA pol II elongation complex selectively at osmostress-activated genes .
In mammalian cells, the stress-activated p38 MAPK (orthologue of yeast Hog1) activates transcription through various downstream effectors like transcription factors, protein kinases and other regulators. One of the direct targets of p38 are the Msk1/2 protein kinases (Deak et al, 1998) , which link the MAPK activity to specific transcription factors and chromatin modifications (reviewed by Dunn et al (2005) ). Msk1/2 activation is necessary to phosphorylate transcription factors like ATF1/2 and CREB (Wiggin et al, 2002; Arthur et al, 2004; Zhu et al, 2004) . On the other hand, Msk1 can modify the chromatin structure of p38 target promoters by direct phosphorylation of histone H3 at serines 10 and 28 (Davie, 2003; Soloaga et al, 2003; Dyson et al, 2005) . In yeast, the Hog1 MAPK targets the ATF/CREB protein Sko1 to modulate the expression of a subset of osmostress genes (Proft and Serrano, 1999; Proft et al, 2001 ). However, a downstream target similar to the MSK1/2 kinases of Hog1 has not been identified yet. Detailed studies on the Hog1-Sko1 interaction have revealed that a particular MAPK-regulated transcription factor is targeted by various kinases to modulate gene expression . Here, we report that the Sch9 protein kinase, which shares similarity with mammalian MSK1/2, regulates transcription through the Sko1 transcription factor.
The yeast Sch9 kinase was originally identified as being partially redundant to the catalytical subunits of cAMPregulated PKA (Toda et al, 1988) . Functional analyses characterized Sch9 as a regulator of cell size control and transcription in response to nutrient availability (Crauwels et al, 1997; Pedruzzi et al, 2003; Jorgensen et al, 2004) . Furthermore, it has become clear that the Sch9-regulated transcriptional output is different from PKA and involves transcriptional activation (Denis and Audino, 1991; Roosen et al, 2005) . Sch9, like other molecules involved in nutrient signaling, is also a determinant of cellular aging. Loss of Sch9 function increases survival in stationary, non-dividing yeast cultures (Fabrizio et al, 2001) , and enhances replicative lifespan (Fabrizio et al, 2004; Kaeberlein et al, 2005) . Here, we define a novel role for the Sch9 kinase: it is an important determinant for acute osmotic stress adaptation at the transcriptional level through the Sko1 transcription factor. Its Sko1-and Hog1-regulated recruitment to osmostress-responsive genes defines Sch9 as a direct transcriptional activator in the context of chromatin.
Results
Sch9 is important for osmotic and oxidative stress resistance Yeast cells respond to hyperosmotic stress by activation of the HOG (High-Osmolarity Glycerol) MAPK cascade. Several other kinases of the AGC family of protein kinases like PKA or PKC have been implicated in the adaptation to changes in osmolarity. Here, we investigate the function in osmostress adaptation of three structurally related AGC kinases, Sch9, Ypk1 and Ypk2. We directly tested whether loss of any of these kinases affected the resistance to salt and osmotic stress. We compared the growth of mutant strains ypk1D, ypk2D and sch9D under various stress conditions with the wild type and the hog1D mutant (Figure 1 ). Deletion of SCH9 resulted in a strong hypersensitivity to salt (NaCl plates) and hyperosmotic stress (KCl plates). A modest sensitivity was observed for Li þ stress. The phenotype for sch9D mutants was almost as pronounced as the sensitivity of the hog1D MAPK deletion strain. ypk1D mutants showed a moderate sensitivity to NaCl and KCl, while loss of YPK2 did not produce any observable growth defect under the conditions tested. Analysis of the expression of typical osmostress inducible defense genes revealed that only sch9D mutants showed a defect in the transcriptional response (see below); therefore, we focused on identifying the function of the Sch9 kinase in the adaptation to hyperosmolarity. We next tested whether the osmosensitivity of sch9D mutants was due to the lack of the Sch9 kinase function. We retransformed the mutant with wild-type SCH9 or a point mutated allele in the Sch9 kinase domain (K441A; Morano and Thiele, 1999) . These complementation assays demonstrated that the observed osmosensitivity phenotype is directly caused by the lack of the Sch9 kinase function ( Figure 1B and C). Both kinases, Sch9 and the MAPK Hog1, are important for survival under osmostress (Figure 1) . We wanted to further investigate the epistatic relation of both molecules in the stress response. Therefore, we used hog1D and sch9D single mutants and hog1Dsch9D double mutants, to assay for salt stress survival. As depicted in Figure 2A , the phenotype of the highly osmosensitive hog1D strain was slightly exacerbated by the additional deletion of SCH9 (0.3 M NaCl and KCl plates). Since the HOG pathway is also necessary to properly adapt to oxidative stress (Rep et al, 2001; Bilsland et al, 2004) , and sch9 mutants have been characterized as hyperresistant to oxidative stress in stationary phase (Fabrizio et al, 2001) , we included H 2 O 2 treatment in the phenotypic analysis of the kinase mutants. As shown in Figure 2B , sch9D and hog1D mutants were hypersensitive to oxidative stress, while the hog1Dsch9D double deletion showed a slightly more pronounced growth defect. Interestingly, H 2 O 2 sensitivity of sch9D cells was observed exclusively in exponentially growing cultures, whereas we confirmed H 2 O 2 resistance in stationary cultures ( Figure 2C ). We conclude that Sch9 kinase is an important determinant for osmotic and oxidative stress adaptation in actively dividing cells.
Sch9 function is required for osmostress-induced gene expression
Adaptation of yeast cells to hyperosmolarity involves the transient upregulation of many defense genes at the transcriptional level, dependent of the Hog1 MAPK (Posas et al, 2000; Rep et al, 2000) . We addressed the question of whether the observed osmosensitivity of sch9D mutants could be linked to an impaired transcriptional response. We therefore measured the mRNA levels of several highly inducible defense genes before and during osmotic shock, in wild type, sch9D and hog1D mutants. We assayed for GRE2, CTT1 and STL1 expression, three genes whose activation is driven by distinct subsets of specific transcription factors, Sko1 Sch9 kinase is directly or indirectly involved in the transcriptional control upon osmostress.
Sch9 affects Sko1-regulated gene expression
The Sko1 repressor/activator is one of several transcription factors, which regulates osmostress-induced gene expression under the direct control of the Hog1 MAPK (Proft et al, , 2005 Proft and Struhl, 2002) . Sko1 binds to cAMP-responsive elements (CRE) sequences. Expression analysis of CREdriven reporter genes can be used to quantitate the osmostress-activated expression, which depends exclusively on the Sko1 and Hog1 proteins (Proft and Serrano, 1999; Pascual-Ahuir et al, 2001; Proft et al, 2001 ). We used a 2xCRE-lacZ reporter to test whether the Sch9 kinase acts through the Sko1 protein to induce transcription upon osmotic stress. As shown in Figure 4 , the reporter gene is highly inducible by NaCl treatment in wild-type cells, which is completely dependent on the Sko1 and Hog1 proteins . In sch9D mutant cells, we observed a dramatic reduction in the activation of the reporter fusion upon stress. This lack of activation is not due to reduced Sko1 or Hog1 protein levels, because epitope-tagged Sko1 or Hog1 proteins expressed from their chromosomal locus were equally abundant in wild-type and sch9D mutant cells (data not shown). We conclude that the Sch9 kinase has a function in the osmostress-regulated transcriptional response via the Sko1 transcription factor. The mRNA levels for all three stress genes were quantified, normalized for the TBP1 internal loading control and depicted in the graphs. The highest signal for each gene was arbitrarily set to 100%. The isogenic yeast strains BY4741 (wild type) and mutants sch9D and hog1D were used. Results shown come from the same original blot which was probed with the indicated genes. 
Sch9 interacts with Sko1 and Hog1, and phosphorylates the Sko1 transcription factor in vitro
We have characterized Sch9 as a positive modulator of osmostress-induced gene expression, which acts, at least in part, through the Sko1/Hog1 transcription factor/MAPK complex. Next we wanted to test whether the Sch9 kinase formed a complex with either Sko1 or Hog1. We performed coimmunoprecipitation experiments using HA-tagged Sch9 from osmostressed or unstressed yeast cells, with bacterial GST fusions of Hog1, Sko1 and GST alone as a control. The results of these in vitro interaction experiments are shown in Figure 5 . Sch9 robustly copurified with Sko1-GST and weakly with Hog1-GST. Poor coprecipitation of GST alone and no enrichment of the GST proteins in the absence of the HA antigen demonstrated that the observed interactions were specific. While the amount of coprecipitated Sko1 was the same with Sch9 from unstressed or stressed cells, the interaction with Hog1 increased slightly when Sch9 was purified after osmotic shock. Taken together, we show that Sch9 forms a complex with Sko1 and Hog1 in vitro. We next addressed the question of whether the Sch9 kinase phosphorylated one or both of its interaction partners. Therefore, we performed in vitro phosphorylation studies with Sch9 and Sko1 or Hog1. We immunopurified HA-tagged Sch9 from yeast, before and after a brief hyperosmotic shock, and tested for phosphorylation of purified GST-Sko1 or GST-Hog1. As depicted in Figure 5B , Sch9 readily phosphorylated Sko1-GST in vitro, independently of the stress conditions. Equal amounts of Hog1-GST were not detectably phosphorylated by Sch9 in the same assay. Thus, Sch9 specifically phosphorylates the transcription factor Sko1 but not Hog1. These results correlate well with the ability of Sch9 to retain Sko1 in the coprecipitation experiments. The Sko1 repressor/activator is phosphorylated by the MAPK Hog1 and PKA at multiple sites . We made use of Sko1-GST mutant proteins, which are no longer phosphorylated by Hog1 (Sko1 S108A,T113A,S126A
, to determine whether Sch9 phosphorylated Sko1 at the identified residues. As shown in Figure 5B , both mutant versions of Sko1 ([E] and [M]) were as efficiently phosphorylated by Sch9 as the wild-type protein, in vitro. Taken together, we show that the Sch9 kinase forms a complex with Sko1 and Hog1 in vitro, but only the transcription factor Sko1 is a target of the Sch9 kinase. However, phosphorylation of Sko1 is independent of the previously described residues targeted by Hog1 and PKA.
Sch9 activates transcription independently of stress when recruited artificially to a promoter
We have shown that Sch9 modulates stress-regulated expression via the Sko1 transcription factor, and that both molecules can form a complex in vitro. These data, together with the nuclear localization of Sko1 under the conditions tested, suggested that the Sch9 function in transcriptional activation was closely linked to molecular events on the responsive gene promoters. We therefore tested whether artificial recruitment of Sch9 to a promoter was sufficient to stimulate transcription. We employed fusions of Sch9 with the DNA binding domain of Gal4 (Gal4 DBD ) and measured the expression of the Gal4-dependent GAL1-lacZ gene. We compared the transcriptional activator capacity of Sch9-Gal4 DBD with the Hog1-Gal4 DBD hybrid protein. Hog1 has been described to readily activate transcription in monohybrid experiments strictly under hyperosmotic stress conditions (Alepuz et al, 2003) . As shown in Figure 6 , Hog1-Gal4 DBD activated transcription from the GAL1 promoter exclusively after a brief hyperosmotic shock, and was inactive under normal or oxidative stress conditions. The Sch9-Gal4 DBD hybrid strongly activated lacZ expression constitutively and independently of the growth conditions ( Figure 6 ). The activation capacity of Sch9 was comparable to that of the stress-activated Hog1 MAPK. We conclude that artificial recruitment of the Sch9 kinase is sufficient to activate transcription independently of stress.
Sch9 is recruited to the chromatin of osmostressresponsive genes in a HOG-dependent manner in vivo
We have found that Sch9 acts as a constitutive transcriptional activator when artificially tethered to a promoter in vivo. However, the phenotype of sch9D mutants indicated that the kinase mainly played a role in the osmostress-induced gene expression. We therefore investigated whether Sch9 physically associates with natural stress-responsive genes in vivo, and whether this recruitment was regulated by osmotic stress. A strain expressing HA-tagged Sch9 from its chromosomal locus was used to determine the association of the kinase with the osmostress-regulated genes GRE2 and CTT1 , in the presence of affinity purified GST (control), Hog1-GST and Sko1-GST proteins. As a control, the untagged wild-type strain W303-1A (wt) was used in the same copurification assay. Protein input (10% of total protein) was checked by anti-HA or anti-GST Western blot. Copurified GST proteins (IP) were visualized by anti-GST Western blot. For each interaction, the amounts of the input and IP samples were determined at the same time by anti-GST Western blot to make the IP efficiencies comparable between the different GST fusions. (B) Sch9 phosphorylates Sko1 in vitro. Affinity purified Hog1-GST and Sch9-GST full-length fusion proteins were incubated in the presence of [ Figure 7A , Sch9 does not associate with the GRE2 and CTT1 genes under normal conditions. Upon brief hyperosmotic shock, however, we detected Sch9 at the GRE2 and CTT1 promoters, and at the 5 0 regions of the respective ORFs. Occupancy of Sch9 was the highest at the promoter regions, but extended significantly to the 5 0 portion of the adjacent transcribed regions. At the end of the ORF regions, we measured much less (GRE2) or no occupancy (CTT1) of Sch9. We tested whether the observed stressregulated recruitment of Sch9 depended on the Hog1 MAPK. When HA-Sch9 was expressed in a hog1D mutant, its association with GRE2 and CTT1 chromatin was completely abolished, both at the promoter and transcribed regions ( Figure 7A ).
The GRE2 and CTT1 genes are also targeted by Hog1 during transcriptional activation, and the MAPK associates with both promoters and the whole ORF regions upon stress . We next tested whether the recruitment of Hog1 was affected by the Sch9 kinase. We performed ChIP experiments with wild-type yeast or sch9D mutants expressing HA-tagged Hog1 from its chromosomal locus. As expected, we found Hog1 to be present at the GRE2 and CTT1 genes (promoter and transcribed regions), exclusively upon osmotic stress ( Figure 7B ). In the absence of Sch9, the recruitment of Hog1 to both stress genes was severely diminished and reduced to near background levels. Thus, both the Sch9 and Hog1 kinases modulate osmoshock inducible transcription directly at the chromatin of some responsive genes, and they are mutually dependent on each other with respect to their chromatin recruitment.
We have shown that Sch9 acts through the Sko1 transcription factor to stimulate transcription and that both proteins form a complex in vitro. We analyzed whether Sko1 was responsible for the recruitment of Sch9 to stress-activated genes in vivo. We expressed HA-tagged Sch9 in a sko1D mutant strain and used ChIP to quantify the recruitment of the kinase to the GRE2 gene, which is a typical Sko1 target (Proft et Figure 7C , the recruitment of Sch9 to the GRE2 gene depended completely on the function of Sko1. These data indicate that the Sko1 repressor/activator recruits Sch9 to the stress-activated GRE2 gene.
We finally quantified Sch9 recruitment to the GRE2 and CTT1 promoters by ChIP in a kinetic manner. We found that similar to Hog1, Sch9 kinase very transiently associates with both regions in the early stage (5 min) of the transcriptional osmostress response ( Figure 7D ).
Discussion
Here, we establish a novel function for the Sch9 protein kinase in yeast and show that the kinase is necessary to properly adapt to acute hyperosmotic stress at the level of the expression of defense genes. We present several independent lines of evidence showing that Sch9 activates transcription of stress-responsive genes directly at the chromatin of the regulated genes. Although Sch9 was originally characterized as being partially redundant to PKA, based mainly on its overexpression phenotype or genetic interactions (Toda et al, 1988) , recent work has shown that Sch9 has PKA-independent or -opposing functions (Roosen et al, 2005) . Genomic transcript profiling experiments identified a great number of genes, which are positively regulated by Sch9 and very interestingly revealed that many stress genes, while repressed by PKA, are activated by Sch9 (Roosen et al, 2005) . Among those genes are typical hyperosmotic stress marker genes like GRE2 or CTT1, whose expression is highly inducible in a Hog1-dependent manner. We show here that Sch9 is required for the transcriptional activation of such genes under hyperosmotic stress conditions (Figure 3) . Consequently, the loss of Sch9 function renders yeast cells hypersensitive to osmotic and salt stress (Figures 1 and 2) . The contribution of each signaling kinase, Sch9 and Hog1, to osmostress resistance is different. While the Hog1 MAPK is absolutely required for induced transcript levels and resistance, sch9D mutants display a milder phenotype. This difference might be explained by the differential regulation of distinct subsets of stress genes regulated by each kinase. Indeed, we have detected genes (i.e., GPD1) whose expression during osmoshock was Sch9 independent, but strongly dependent on Hog1 (data not shown). Defense genes with the opposite pattern of regulation (Sch9 dependent, Hog1 independent) also exist (i.e., SSA3/4; data not shown). Taken together, both regulatory kinases do not necessarily coincide at the same target genes, which might explain how each regulator contributes, at least in part, additively to osmostress adaptation.
Here, we focus at the transcriptional regulation of Sch9 and Hog1-targeted defense genes. We show that the Sch9 kinase acts through the Sko1 transcription factor, which regulates gene expression bound at CRE in osmostressresponsive promoters. Several independent experimental approaches shown here support a model in which Sch9 phosphorylates the Sko1 bZIP protein and forms a stable complex with the transcription factor, to stimulate transcription from Sko1-bound promoters. These data are important, because although the impact of Sch9 on stress-regulated transcription was known (Pedruzzi et al, 2003; Roosen et al, 2005) , its role in the regulation of gene expression remained speculative, mainly because of the lack of an unambiguous downstream target. Sch9 specifically copurifies with Sko1 and phosphorylates the transcription factor in vitro Figure 6 Sch9-Gal4 DBD activates transcription independently on stress. Full-length Hog1-Gal4 DBD and Sch9-Gal4 DBD fusion proteins were expressed in yeast strain YULH. The expression of the chromosomal GAL1-lacZ reporter was monitored in the absence of stress (YPD) or after the indicated osmotic and oxidative stress. Specific b-galactosidase activities are give in (nmol/min/mg). Measurements were obtained in duplicate of three independent transformants.
Sch9 function in stress regulated transcription
A Pascual-Ahuir and M Proft ( Figure 5 ). Additionally, Sko1-regulated transcriptional activation (CRE-lacZ) almost completely depends on the Sch9 protein (Figure 4) . Therefore, we conclude that the Sch9 kinase directly targets Sko1 to activate a subset of osmostress-responsive genes. The Sko1 protein is one of the direct phosphorylation targets of the activated Hog1 MAPK (Proft and Serrano, 1999; Proft et al, 2001) , which operates a transcriptional switch from repressor to activator upon stress (Proft and Struhl, 2002) . The DNA-bound Sko1 might therefore integrate inputs from several different regulatory kinases. Interestingly, the existence of other kinases targeting Sko1 under the control of the HOG pathway was suggested, because the transcription factor was still phosphorylated in vivo in a stress-and Hog1-dependent manner, after the removal of all Hog1 phosphorylation sites . One of the contributing kinases identified here is Sch9. The multitude of regulatory inputs at the Sko1 molecule might be even more complex, since PKA phosphorylations have also been identified in Sko1 , and Sko1-dependent reporter genes are regulated by PKA activity . However, the function of PKA in the regulation of Sko1 activity remains to be elucidated. In the case of Sch9, the phosphorylation sites are different from the previously identified Hog1-and PKAtargeted residues in the Sko1 protein ( Figure 5 ). Sch9 most likely acts through other specific transcription factors. A good candidate is the zinc finger protein Gis1, which activates gene expression from post-diauxic shift (PDS) promoter elements upon nutrient starvation (Pedruzzi et al, 2000) . PDS containing promoters are enriched among the Sch9-controlled genes and some Gis1-regulated stress genes (SSA3, GRE1) depend on Sch9 with respect to their activation during the diauxic shift (Roosen et al, 2005) . It remains to be seen, however, whether Gis1 or other transcription factors are directly targeted by Sch9. Specific transcription factors can serve to recruit signaling kinases to promoters for their activation upon specific stress conditions. This paradigm has been shown for the activated Hog1 MAPK, which is recruited to the chromatin of osmostress-responsive promoters through various transcription factors, including Sko1 and Hot1 (Alepuz et al, 2001; Proft and Struhl, 2002) . Here, we show that Sch9 associates with defense genes like GRE2 or CTT1 upon osmostress in the living cell (Figure 7) . Our ChIP data demonstrate that transcriptional control of osmostress-responsive genes involves the association of at least two signaling kinases, Sch9 and Hog1, at some activated genes. At the GRE2 gene, the recruitment of Sch9 completely depends on the Sko1 protein. This observation confirms the in vitro interaction and phosphorylation data and demonstrates that Sko1 is able to recruit Sch9 to chromatin under hyperosmotic stress conditions in vivo. Very recently, chromatin association of activated signaling kinases has been described in yeast for several structurally and functionally unrelated kinases, including Hog1 MAPK (Alepuz et al, 2001; Proft and Struhl, 2002; Proft et al, 2006) , Snf1 (Lo et al, 2005) , Tor1 (Li et al, 2006) or other MAP kinases and PKA subunits (Pokholok et al, 2006) . These results indicate that kinases devoted to regulate transcription are much more intimately involved in gene expression than previously thought. Here, we describe that, in the case of osmostress, the transcriptional output depends on the interdependent association of two different kinases, Sch9 and Hog1, with activated loci on the chromosome. Both kinases are recruited by the Sko1 transcription factor to osmolarity-regulated promoters. Although the mechanism of the mutual interdependence of both signaling molecules is unknown, the stable interaction of both kinases with DNA-bound Sko1 might depend on the function of each kinase through the non-overlapping phosphorylation events on Sko1. In a more indirect model, Sch9 and Hog1 could modulate each other's activity. However, we were not able to detect an interaction between both molecules in vivo, or phosphorylation of the two kinases in vitro (data not shown). It is important to note that, although Hog1 recruitment to the GRE2 or CTT1 promoters is greatly affected in sch9 mutants, a considerable residual induction can still be observed (especially for GRE2). This might reflect the fact that Hog1 recruitment at promoters has a different impact on transcription, depending on the inducible locus.
Here, we show that recruitment of Sch9 to a promoter is sufficient to activate gene expression. When artificially tethered to the GAL1 promoter by fusion with the Gal4 DNA binding domain, Sch9 constitutively activated transcription (Figure 6 ). On the other hand, our ChIP experiments demonstrate that Sch9 interacts physically with target genes in vivo, exclusively after osmotic shock and dependent on Hog1. We therefore believe that regulated association of the kinase is the essential step during osmostress stimulated gene expression, which can be bypassed by artificial recruitment. Direct transcriptional activation in monohybrid assays has been reported for several stress-regulated kinases, like Hog1 or Snf1 (Kuchin et al, 2000; Alepuz et al, 2003) , and Sch9 has been identified among the most potent transcriptional activators in an unbiased genomic screen using Gal4 DBD -fusions (Titz et al, 2006) . However, in contrast to Hog1 or Snf1, which retained most of their inducibility by environmental stress, even when constitutively bound to promoters, Sch9 behaved as a constitutive activator irrespective of the growth conditions. Selective recruitment of Sch9 to stress promoters might therefore be the main regulatory step upon osmostress. Once physically present at regulated genes, the precise function of Sch9 in transcriptional activation remains to be determined. Although direct functions for signaling kinases at the chromatin of activated genes have been generally postulated based on their regulated recruitment, little is known about the molecular mechanisms employed to stimulate transcription (Edmunds and Mahadevan, 2006) . It can be expected that those functions are complex and not uniform among the kinases, because no uniform pattern of recruitment has been observed. While some kinases (Tpk2, Tor1) exclusively occupy promoter regions, others (Tpk1) associate with ORF regions, while MAP kinases seem to generally target both promoters and the whole transcribed region (Li et al, 2006; Pokholok et al, 2006; Proft et al, 2006) . Here, we show that Sch9 crosslinks preferentially to promoter regions. However, the kinase is also detectable at the 5 0 region within the ORF regions. Insights into the possible functions of chromatin-recruited signaling kinases come from studies on the Hog1 and Snf1 molecules. Hog1 can indirectly or directly recruit chromatin modifying complexes like the SAGA histone acetylase, the SWI/SNF chromatin remodeling complex (Proft and Struhl, 2002) , or the histone deacetylase Rpd3 (DeNadal et al, 2004) to osmostress-activated promoters. Additionally, Hog1 and Snf1 seem to recruit the RNA pol II transcription machinery directly (Kuchin et al, 2000; Alepuz et al, 2003) . Hog1 also stably associates with the RNA pol II elongation complex, which indicates a possible function of the MAPK in transcription elongation during stress . Also direct modification of histones has been implied as a mechanism of activation for the chromatin-associated Snf1 kinase (Lo et al, 2001 (Lo et al, , 2005 . While the molecular function of Sch9 at chromosomal loci is yet to be determined, we speculate that the catalytic activity of Sch9 is essential, because a kinase dead mutant for Sch9 is osmosensitive. Furthermore, mechanisms like the phosphorylation of the Sko1 transcription factor described here might favor transcriptional initiation directly or indirectly through the modulation of the promoter chromatin.
In mammalian cells, stress-activated p38 MAPK modulates transcription through another kinase pair, Msk1/2. Msk1 is responsible for the stress-induced phosphorylation of histone Sch9 function in stress regulated transcription A Pascual-Ahuir and M Proft H3 at serines 10 and 28 at p38-dependent promoters (Davie, 2003; Soloaga et al, 2003) . The dual control of transcription by a MAPK and a downstream kinase directly at the chromatin of the regulated gene is similar to what we report here in the yeast model. It is important to note that Sch9, in addition to the previously reported homology to mammalian Akt/PKB, shares structural similarity to mammalian Msk1 (31% identity, 47% homology) and Msk2 (32% identity, 49% homology). It is therefore likely that yeast Sch9 might recapitulate the functions of different mammalian kinases. Here, we show that both kinases, Hog1 MAPK and Sch9, activate osmostressregulated gene expression at the chromatin structure of defense genes. Our results demonstrate previously unanticipated complexity of transcriptional activation upon stress by multiple inputs from chromatin-recruited signaling kinases.
Materials and methods

Yeast strains and plasmids
The following yeast strains were used in this study: BY4741 wild type (MATa; his3D1; leu2D0; met15D0; ura3D0), BY4741 with Dypk1HKAN, Dypk2HKAN, or Dhog1HKAN (EUROSCARF strain collection), BY4741 with Dsch9HloxP-KAN-loxP (this study), W303-1A wild type (MATa; ura3; leu2; trp1; his3; ade2), MAP32 (W303-1A with Dhog1HloxP-KAN-loxP), MAP91 (W303-1A with Dsch9HloxP-KAN-loxP) (this study), MAP84 (W303-1A with Dhog1HTRP1; Dsch9HloxP-KAN-loxP) (this study), MAP85 (W303-1A with SCH9-3HAHloxP-KAN-loxP) (this study), MAP51 (W303-1A with Dura3HloxP; 3HA-HOG1), MAP90 (W303-1A with Dhog1HTRP1; SCH9-3HAHloxP-KAN-loxP) (this study), MAP93 (W303-1A with Dsko1HloxP; SCH9-3HAHloxP-KAN-loxP) (this study), MAP83 (W303-1A with Dura3HloxP; 3HA-HOG1, Dsch9HloxP-KAN-loxP) (this study), YULH (MATa, ura3, trp1, lys2, his3, leu2, gal4D, gal80D, GAL1-URA3, GAL1-lacZ). The chromosomal SCH9 locus was disrupted as described (Gü ldener et al, 1996) . C-terminal fusions of the Sch9 protein with a triple HA epitope were obtained by chromosomal tagging of the SCH9 gene (De Antoni and Gallwitz, 2000) . To assay for Sko1-and Hog1-dependent gene expression upon osmotic stress, we used the 2xCRE ENA1 -lacZ reporter fusion pMP253 (2 m, TRP1, CYC1prom-(2xCRE ENA1 )-lacZ). Highly osmostress-regulated expression of this construct depends completely on the Sko1 and Hog1 functions . Full-length Hog1-GST and Sko1-GST fusion proteins were expressed from pGEX-4T bacterial expression vectors . Point mutated versions of Sko1-GST were: Sko1(E) with S108, T113, S126 triple amino-acid substitution to A; Sko1(M) with S380, S393, S399 triple amino-acid substitution to A . For monohybrid studies, full-length Hog1-Gal4 DBD or Sch9-Gal4 DBD fusion proteins were expressed from the ADH1 promoter in plasmid pOBD2 (CEN4, TRP1, ADH1 promoter) (kind gift from Peter Uetz). Complementation experiments were carried out with wild-type SCH9, 3xHA-SCH9 or 3xHA-SCH9(K441A) in pRS416 (CEN6, URA3) (kind gift from Kevin Morano).
